Introduction
The research field of semiconductor-based spin electronics (spintronics) has opened up a new technology for spin manipulation. For future spintronic applications such as spin field-effect transistor ( spin-FET) , the injection of spin-polarized electrons, manipulation of the injected spins, and detection of the spin transport are technological requirements. However, there has been no clear experimental demonstration of the above three requirements in a single ferromagnet/semiconductor hybrid device. As compared to the carbon nanotubes [1] , semiconductor systems are scalable and compatible with the existing nanofabrication technologies. Also, semiconductor-based quantum-dot ( QD) systems have controllable characteristics for the number of electrons, orbital states, and electron-spin states [2, 3] .
In this work, we report on the observation of spin transport through a single semiconductor QD using a lateral double barrier magnetic tunnel junction (MTJ) composed of ferromagnetic electrodes and a single self-assembled InAs QD. The MTJ shows clear Coulomb blockade characteristics and tunneling magnetoresistance (TMR) effects. The TMR features are varied evidently by changing the gate voltage, meaning that the spin transport can be tuned by applying the electric field. The TMR also shows an oscillatory variation with increasing source-drain voltage. We discuss a possible mechanism of the TMR in terms of spin accumulation on the QD and spin-dependent transport through the QD.
Quantum-dot spin valve devices
Self-assembled InAs QDs were grown on a substrate made of 170-nm-thick GaAs buffer layer/90-nm-thick AlGaAs insulating layer/n + -GaAs (001) which is utilized as the back-gate electrode. The Ni/InAs/Ni QD spin valve devices were fabricated by using a conventional electron-beam lithography and lift-off method, as shown in our previous reports [4] [5] [6] [7] . A representative scanning electron micrograph of our device is displayed in Fig. 1(a) . A single InAs QD is weakly coupled to two Ni electrodes in asymmetric wire shapes. The typical size of the InAs QD is about 100 nm, and both Ni electrodes overlap the InAs QD. Transport measurements were performed by a dc method in a dilution refrigerator in a temperature range of 50-500 mK. By measuring current I through the QD for various back-gate voltage V G and source-drain voltage V SD , clear Coulomb blockade characteristics were observed. External magnetic fields B were applied parallel to the long axis of the wires. The magnetoresistance (MR) ratio (%) is defined as I 0 I B /I B x 100, where I 0 and I B are the tunnel currents for zero field and for a magnetic field of B, respectively. 
We examine MR features for various V SD and V G . The representative MR curves are shown in Fig. 2 , in which the dark gray curve and light gray curve illustrate the data for up-sweep and down-sweep measurements, respectively [7] . These curve shapes include MR jumps near B = 0.02 T where the magnetic configuration of Ni electrodes switches from parallel to antiparallel and from antiparallel to parallel. We find an unexpectedly huge MR signal (> 300 %). In addition, the TMR ratio is varied by changing source-drain voltage (V SD ). We can observe even negative TMR effects, which appear at V SD values where the I-V SD characteristic shows negative differential conductance. The correspondence between the negative TMR and the negative differential conductance suggests the spin accumulation in the QD. The TMR features can be controlled also by tuning the gate voltage. We can see the systematic variation in the TMR with applying back-gate voltage, where the TMR value is changed form positive to negative. This is the first demonstration of the gate-controlled TMR in a single QD spin valve device based on semiconductor. This becomes the first step toward the development of a semiconductor-based spn-FET where spin transport via a single spin state can be controlled by the electric field and the magnetization direction of the ferromagnetic electrodes.
